A displacement generator is realized which enables the calibration of a wide variety of displacement-measuring probes, such as probes of roundness testers, roughness testers and stand-alone type scanning probe microscopes (SPMs), in the range of 12 µm with a standard uncertainty below 1 nm. A digital piezo translator (DPT) drives a flat mirror which serves as the calibration platform. This mirror is locked to an elastic, hysteresis-free, monolithic parallel guide. Calibration of the platform displacement is carried out by various methods including tunable and stabilized lasers, Fabry-Pérot interferometry and laser interferometry. The system is calibrated with a standard uncertainty of about 0.1 nm using three independent methods. As an example the calibration of an SPM using 0.5 µm generated steps is shown.
Introduction
A general problem in length metrology is the calibration of the probes which are used to detect small displacements. This is a point of concern for probes of gauge block comparators, length measuring machines, roughness testers, roundness testers and scanning probe microscopes (SPMs). High-accuracy measurements taken with these instruments require traceability and a standard uncertainty down to the sub-nanometre level. For such measurements, a number of techniques is available of which the most appropriate are x-ray interferometry [1] , capacitive measurements and optical interferometry.
A capacitive sensor uses the capacitance of a varying electrode separation as a measure of distance. Very high resolutions (picometres) are possible. When the geometry is well known, the traceability of the displacement can be realized via a traceable capacitance measurement (and vice versa) [2] . Optical interferometry is usually based on Michelson-type interferometers and fringe counting or heterodyne techniques, the traceability being realized by stabilized lasers which can be directly related to a primary length standard [3] .
Although sub-nanometric resolution is possible with some systems, nonlinearities in the fringe-interpolation technique occur [4] . This problem can be treated by either linearizing the signal as well as possible [5] , by E-mail address: H.Haitjema@wtb.tue.nl only referring to positions at integer multiples of halfwavelength distance [6] or by interpolation using other techniques such as x-ray interferometry [7] , Pockels cell, or capacitance measurements. When integer multiples of half-wavelengths suffice, the Michelson interferometer can be replaced by a Fabry-Pérot interferometer which gives a higher resolution at its interference maxima [8] . On the other hand, a continuous displacement measurement of one mirror of a Fabry-Pérot cavity is possible using a tunable laser inside [9, 10] or outside [10, 11] the cavity.
All these techniques require a sufficiently straight and parallel motion for the measurement. This paper describes the design and performance of a displacement generator with a calibration platform with a strictly parallel motion which can accommodate a wide variety of probes/instruments. It is driven by a commercially available digital piezo translator (DPT) (Queensgate type DTP-C-S) which is based on a capacitive displacement sensor. Its calibration by various optical interference techniques is treated in this paper.
This project is part of the project 'nanometermetrology' which is run by the Precision Engineering section of the Eindhoven Technical University in close cooperation with the NMi Van Swinden Laboratorium. Other parts of this project are the development of a displacement calibration based on laser frequency tuning [10] , the development of an accurate 3D probe and the development of a small-coordinate measuring machine with a high accuracy. This project was initiated in order to meet increasing demands from precision manufacturing industries and is financed by the Dutch ministry of economic affairs.
Mechanical construction
A sketch of the mechanical construction of the displacement generator, including the tilt mechanism and upper mirror which are used when it is calibrated using a Fabry-Pérot interferometer, is given in figure 1 .
The main aspects of this construction are as follows.
• A reproducible displacement of the lower mirror is generated by the digital piezo translator (DPT).
• The displacement is kept strictly parallel by a construction consisting of a triangular tube which is connected to the base by six folded leafsprings.
• The tilt of the upper mirror, which is only present during the calibration of the system, can be adjusted such that the upper mirror is parallel to the lower mirror.
• For the calibration, the system is illuminated from above, usually by laser radiation, and interference maxima are detected by the photodiode.
The lower mirror is driven by the DPT through a Zerodur rod, a triangular tube and a mirror frame. The DPT generates a displacement using a piezo tube. The displacement is measured internally by a capacitive transducer and adjusted by a feedback loop. In the literature, sub-nanometre reproducibility of this device has been reported [12] . Our own preliminary measurements showed similar results regarding the reproducibility and the calibration of, and with, this translator, but the uncertainty was still limited by the tilt of the moving element [13] . The basic element in our displacement generator for removing this tilt is the parallel guide which is based on the elastic deformation of six folded leafsprings which are connected by a stiff triangular tube. In this way, the tube is fixed in all degrees of freedom except translation in vertical direction. Stresses due to the overdetermination (the six leafsprings fix six degrees of freedom where five are needed) are minimized by manufacturing the parallel guide from a monolithic aluminium block by electro discharge machining (EDM). The parallelism of the guide is determined by the differences in spring dimensions caused by the EDM process. A dimensional standard uncertainty of 0.01 mm, typical for an EDM manufactured product, was used in a finite element analysis of the parallel movement. This analysis showed that the tube will tilt only 3 × 10 −9 rad (0.0006 ) at the maximum displacement of 15 µm.
The total mass driven by the DPT is kept as low as possible to prevent oscillations and to maintain a good mechanical behaviour. The total mass of the Zerodur rod, mirror and mirror frame is 90 g. The quartz mirrors (34 mm diameter) are manufactured by Tech-Optics. They are coated with a hard, durable coating which limits the achievable flatness to about λ/50. The reflectance of both mirrors is about 95% which gives a finesse of about 75 when they form a Fabry-Pérot interferometer [14] .
One mirror is attached stress-free to the triangular tube of the parallel guide. This mirror acts as the parallel-moving reference plane for probes which are to be calibrated. The second mirror is attached to a removable tilt mechanism in which it can be positioned on top of the construction so that a Fabry-Pérot cavity is formed. The tilt mechanism consists, for each of the two tilt axes, of a cylinder with three identical elastic hinges: two define the tilt axis, the third, perpendicular to this axis, is used to create a high resolution for the adjustment of the angle.
The angle between the mirrors must be adjusted to less than 1 µrad. This is achieved by putting a force on the third elastic hinge by a weak compression spring. This results in a small elastic displacement of the elastic hinge at a factor of 10 5 larger displacement of the compression spring. This means that fringe width can be adjusted sufficiently accurately by hand, and the upper mirror can be adjusted such that the mirrors form a Fabry-Pérot cavity with only one broad circular fringe. The three hinges which determine the angle have the same nominal length and are part of the same monolithic piece of material (Invar). For these reasons the adjusted angle is basically temperature-independent. More details of this construction were published earlier [15] .
As both mirrors can be positioned rather close to each other (0.1 mm typical) the effect of a varying air refractive index (e.g. by a changing air temperature or pressure) is negligible. On the other hand, the thermal loop is rather long (220 mm total). However, the effect of material temperature changes is limited by the use of Zerodur rods, a symmetric design, an Invar tilt mechanism and quartz mirrors. A photodiode (Melles Griot type 13DSI003; 1 mm 2 ) is mounted under the moving mirror to detect Fizeau or Fabry-Pérot interference maxima. The mirror flatness, combined with the parallel displacement, gives the following properties to the displacement generator.
• Abbe errors are negligible; the same displacement is generated to any part of the mirror.
• A scanning instrument will measure a nominally flat surface when the mirror does not move.
• When calibrating the instrument using the two mirrors as a Fizeau or Fabry-Pérot interferometer, the interference pattern and fringe sharpness will exactly repeat each halfwavelength.
• The lower mirror can be used directly as the moving mirror in a Michelson interferometer or in a flat-mirror setup of a laser interferometer, even when it is scanned at the same time, e.g. by a roughness tester [16] .
Electronic control
The DPT is best controlled via its external analogue input. A DC voltage is provided by a 16-digit D/A converter (Keithly Metrabyte DAS 1800 HR) in a PC. The resolution corresponds to a displacement step of 0.2 nm; the maximum feed-rate is 20 kHz. As the linearity deviation becomes large at the edges of the displacement range of 15 µm, only the central 12 µm are used.
Control via a PC enables use of pre-defined displacement steps, e.g. of a half-wavelength when the system is calibrated. After calibration, any time-displacement waveform can be generated; the hysteresis and the dynamic behaviour of the displacement generator being the limiting factor (see section 4). Block waveforms are most useful to calibrate the system and for the calibration of other instruments.
Evaluation of the system
There are several measurement methods available to evaluate various aspects of the system such as linearity, repeatability, hysteresis and dynamic behaviour. In this section we will give the results of the application of various interferometric techniques.
Calibration by visual observation of Fizeau interference lines
The measurements using a Fizeau or Fabry-Pérot arrangement were carried out when the system was positioned inside a Zeiss gauge block interferometer. This interferometer provides a stable environment (temperature fluctuations less than 0.02
• C in 10 min), alignment of a monochromatic light beam to the interferometer and visual observation/alignment of interference fringes. As the light source, a cadmium spectral lamp was used, of which one of the visible spectral lines was selected. The mirrors were tilted such that one broadened interference line was observed by reflection on the upper surface. The parallelism of the displacement was checked by tilting the upper mirror so that a small interference line is observed. If the lower mirror tilts around an axis perpendicular to the interference line, this interference line will rotate somewhat. This effect was not observed for tilt directions; this puts an upper limit to the realized tilt of 50 nrad which can be measured. The calculated 3 nrad can be neither proved nor rejected.
The calibration accuracy is limited by the ability of the eye to locate an interference line; the repeatability of this was somewhat less than a nanometre-even the 0.2 nm steps could be observed visually. However, methods using laser light and photo-electric peak detection proved to be more appropriate and more accurate (see below).
Calibration by photo-detection of Fabry-Pérot interference lines using length modulation
The system was calibrated in steps of half-wavelengths of a stabilized He-Ne laser which was used as the light source. A sinusoidal signal giving an amplitude of 4 nm and a frequency of 37 Hz was superimposed on the DC signal to the DPT. A disadvantage of this method is the 'length modulation': a small vibration must be given to the DPT and the signal of this must be added electronically to the DPT driver. This is not exactly the situation in which the DPT is used later.
The signal of the photodiode was phase-sensitive detected which results in a zero-crossing at any interference maximum. A record of the signals when crossing an interference maximum is shown in figure 2 . Some parameters of the realized Fabry-Pérot interferometer can also be derived from this figure: the interference line width is about 4 nm displacement; this is 1/80th of the distance of 316 nm between successive orders so the 'finesse' of the interferometer is 80. This corresponds to a reflectance of the used mirrors of 96% [14] . The noise corresponds to 0.05 nm (standard deviation) when integrated over 0.3 s. This noise consists of noise of the DPT, the photodiode, the laser and mechanical vibrations. The repeatability of the mirror positioning over its full range is better than the noise. From the DC signal which must be fed to the DPT through the PC and the D/A converter to position the mirror at an interference maximum, a calibration curve (voltagedisplacement) for the DPT can be derived consisting of 38 calibration points. The standard deviation after application of a calculated fifth-order polynomial is about 0.05 nm. However, a hysteresis of about 1 nm is found, most probably caused by the DPT [6] . This hysteresis problem is partly solved by calibrating the instrument in steps centred around the central position; when the same steps are generated later they are calibrated along with the hysteresis.
Calibration by photo-detection of Fabry-Pérot interference lines using wavelength modulation
A calibration similar to that described in section 4.1 was carried out using a New Focus type 6304 tunable diode laser whose wavelength could be tuned between 630 and 640 nm. The tunability adds several calibration possibilities to the method mentioned in section 4.2. As a first result the cavity length (the distance between the mirrors) could be determined by determining at which wavelengths interference maxima occur at one mirror position. From this, a cavity length of 80 µm could be derived. Also, wavelengths could be compared directly to a relative standard uncertainty of 2 × 10 −5 by measuring the distance between interference maxima over 12 µm with 0.2 nm resolution.
The laser frequency can be fine tuned over 160 GHz by a piezoelectric actuator which changes the laser cavity length. This enabled us to replace the length modulation of section 4.2 by a laser frequency modulation of 20 GHz which corresponds to a 4 nm displacement. As the laser intensity itself is also wavelength-dependent, a lower modulation is used to prevent offset effects in the peak detection. Calibration points can be taken for several wavelengths so that a linearity deviation with a periodicity of a half-wavelength (632.8/2 = 316.4 nm), which cannot be detected using the method of section 4.2, can be measured. The calibration was carried out using three wavelengths: 629.9, 632.8 and 639 nm. After fitting a fifth-order polynomial to all data the residuals are characterized by a standard deviation of 0.05 nm, as in section 4.2.
In a small measurement range the laser frequency was fine tuned to an interference peak while the mirror was displaced by 0.2 nm steps. From these measurements the linearity of the voltage/frequency shift of the piezo in the laser and the linearity of the DPT in a small range can be checked against each other. A measurement result is given in figure 3 . The linearity deviation is within 0.1 nm or 2 GHz. This means that a useful calibration of the displacement can be carried out once the wavelength is known sufficiently accurately.
Calibration by a HP 2628A laser interferometer and high-resolution flat mirror optics
After removing the upper mirror, HP 10716A flat mirror optics were mounted on top of the displacement generator. An air gap of 20 mm was necessary because of the geometry of these optics. The HP 2628A system was used for the measurements as with this system, combined with the fourfold path length measurement of the flat mirror optics, a resolution of 0.023 nm can be achieved. The sampling frequency is limited to about 20 Hz. In this mounting position, the combined rms noise of the displacement generator and the laser interferometer in a bandwidth of 2 Hz is about 0.08 nm. The calibration was carried out in steps of λ/4 (0.158 µm) to avoid laser interferometer interpolation errors. The residuals after fitting a fifth-order polynomial were characterized by a standard deviation of 0.08 nm, similar to the results obtained in sections 4.2 and 4.3 (and the literature [6] ). Figure 4 gives the linearity deviation determined by this method compared to the method described in section 4.3. The figure shows completely comparable results, where the laser interferometer measurements appear to fluctuate somewhat more, probably due to small air temperature/pressure variations. From the measurements at wavelengths other than 632.8 nm, it appears that the displacement generator has no significant deviations which repeat each submultiple of this wavelength. So the displacement generator can be used to investigate the periodic nonlinearity error of a flat mirror laser interferometer system. For this purpose, a measurement was carried out using the displacement generator, corrected according to the fifth-order polynomial resulting from the calibration, as the reference where a displacement from 0 to 1.27 µm (two wavelengths) was generated in steps of 2 nm. The deviations from linearity proved to have a period of 0.158 µm-a quarter of a wavelength. These deviations are depicted in figure 5 where the displacement is expressed as the fraction of a quarter of a wavelength. Analysis of the points revealed, apart from the periodicity of λ/4 with an amplitude of 0.25 nm, periodicities of λ/8 and λ/16 with comparable amplitudes. Rather sharp deviation peaks are also observed; these can be as large as 0.5 nm over a 6 nm displacement. This emphasizes that calibrations using a laser interferometer as the reference must be carried out at displacements deviating by no more than a few nanometres from integer multiples of λ/4. The result further shows that the noise and the repeatability of both the mirror displacement and the laser interferometer measurement are well within the nanometre range. From the figure it is also clear that the interpolation errors are within a 1.5 nm range. It is known that interpolation errors increase when the laser is not properly aligned to the interferometer optics axes. For the high-resolution optics used here there is little room for misalignment; in the literature it is shown that interpolation errors may give deviations up to 10 nm [4, 13, 17] .
Evaluation by a HP 2629A laser interferometer and high-resolution flat mirror optics
The HP 2629A system was used for checking the dynamic properties of the system. In the configuration with the high-resolution flat mirror optics the resolution is 2.5 nm for dynamic measurements with a maximum sampling frequency of 20 kHz. The maximum frequency of a sinusoidal movement which can be fed distortion-free to the displacement generator is 100 Hz for an amplitude of 0.1 µm. For larger amplitudes the maximum frequency is about 40 Hz. Feeding sharp block signals to the DPT gives an overshoot of about 5% which is damped with a time constant of 5 ms to its final value. A vibration with a frequency of 1800 Hz and an amplitude of roughly the interferometer resolution is observed which disappears when the DPT is switched off. Figure 6 shows the frequency spectrum with the DPT system turned off and with the DPT system turned on while a 5 Hz sinusoidal signal is fed to the DPT, this signal being linearized according to the calibration polynomial. A measurement with the DPT 'on', but with a constant input signal, gave (apart from the peak at 5 Hz) basically the same spectrum as when feeding the 5 Hz signal. This indicates that the feedback loop of the DPT, combined with the 90 g mass it has to drive, causes a small vibration with a frequency of 1.7 kHz in the system. No specific peaks at multiples of 5 Hz appear in the signal which illustrates the good linearity of the system after calibration. 
Application: calibration of the z -axis of a scanning probe microscope
After removal of the upper mirror and its tilt mechanism, a stand-alone type SPM (Topometrix Explorer) was positioned on top of the calibration platform. A 5 × 5 µm 2 area was scanned while the DPT generated block signals of 0.5 µm amplitude. The result is depicted in figure 7 . Analysis of this figure shows that the SPM has measured these blocks as 515 nm with a standard deviation of 12 nm. This example shows that a stand-alone SPM can well be calibrated in the z-direction with the developed instrumentation.
Discussion

Considerations for the choice of cavity lengths in Fabry-Pérot length interferometry
In section 4.3 it was shown that a continuous calibration can be achieved when the wavelength is sufficiently accurately known; the smaller the cavity length, the more sensitive the length is for a given wavelength. From this point of view the gap must be as small as possible. On the other hand, instead of wavelength measurements, it can be more practical to carry out optical beat frequency measurements. For this case the laser tunability and the maximum frequency difference which can be measured are important.
When our displacement generator with its 80 µm gap is calibrated using a tunable diode laser combined with a wavelength meter (wavemeter) with a relative standard uncertainty of 1 × 10 −6 , the calibration will give a standard uncertainty of 0.08 nm in length with a continuous measurement capability. A 1.5 µm range can be calibrated when the 630-640 nm range is scanned. When this cavity is used to stabilize a laser whose beat frequency is measured against a standard laser, the resolution is enormous: 1 MHz frequency change corresponds to 50 fm displacement. The noise and the sharpness of the interference peak will limit the accuracy and will make such a measurement rather useless in our case. The range is limited by the beat frequency which a fast photodiode can detect and will be not more than a few nanometres (4 nm for 20 GHz, see figure 3 ). To achieve a continuous scanning range a much longer cavity (typically 100 mm) is used for measuring lasers [9, 10] : the He-Ne gain profile and common frequency counters limit the range to about 1 GHz for a 0.3 µm displacement. When limiting the frequency tuning range to 20 GHz for the beat frequency against a stabilized red He-Ne laser, using this diode laser for fine tuning over 20 GHz which corresponds to 0.3 µm displacement, the cavity length should be about 4 mm. A 10 kHz resolution, common in this kind of experiment, then corresponds to 0.15 pm. Air refractive index effects (especially pressure peaks, typically 2 Pa over a few seconds in a building) will limit the uncertainty: a small 2 Pa air pressure variation corresponds to 8 pm measured displacement. On the other hand, using a 20 GHz measurable tunability for a 100 mm cavity gives a continuous measuring range of about 7 µm where a 10 kHz frequency resolution still corresponds to 3.5 pm. Air refractive index effects can be reduced by inserting an evacuated tube into the cavity.
Comparing the laser interferometer and our Fabry-Pérot cavity
We have shown that both the laser interferometer and the Fabry-Pérot cavity achieve noise levels of the order of 0.05 nm and are comparable in that sense. The laser interferometer can achieve a 0.08 nm standard uncertainty when the displacement is an integer number of a quarterwavelength within a few nanometres. The Fabry-Pérot interferometer can achieve a 0.05 nm standard uncertainty when the displacement is an integer number of halfwavelengths within 0.4 nm when the light wavelength cannot be tuned. Automation is more convenient for the laser system as there is a signal for any displacement. The laser interferometer uncertainty will be about the maximum achievable for such a system; the Fabry-Pérot uncertainty can be improved by sharpening the fringes by using mirrors with a higher reflectivity. In the case of a flat mirror interferometer this puts more extreme demands on the mirror flatness and parallel movement. The use of spherical mirrors, as in tuneable laser cavities [9, 10] , will be advantageous for both problems.
Comparison to other high-accuracy length measurement methods
The method we use comes down to the traceability of a laser wavelength where the very good reproducibility and rather good linearity of an integrated capacitive transducer is used for the interpolation between fringes. The achieved expanded uncertainty (k = 2) of about 0.1 nm compares well to other set-ups with similar aims [5, 7, 9, 10] . However the hysteresis of 0.5 to 1 nm is a limiting factor when the hysteresis of a probe must be investigated with sub-nanometre accuracy. Normally the instrument is calibrated and corrected for symmetric block functions around the zero-position and sub-nanometric accuracy is achieved when calibrating instruments in this mode. Problems arise when probing forces vary over the transducer's calibration range, especially when this force exhibits some hysteresis. This problem is present in any transducer calibration device and is somewhat outside the scope of this paper.
Conclusions
We have realized a calibration platform with which probe calibrations in a range of 12 µm can be carried out with an expanded uncertainty of about 0.2 nm. Comparison of calibration methods using both stabilized and tunable lasers and a laser interferometer yielded uncertainties of the order of 0.1 nm for all methods. It is argued that the possibilities of using Fabry-Pérot cavities combined with tunable lasers and wavelength/frequency measurements for length calibrations are not yet fully exploited. The successful calibration of the z-axis of a stand-alone scanning probe microscope has been demonstrated.
